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| NTRODUCTI ON

A spacecraft placed in a planetary orbit of suitably high inclination
will pass over all or nmpst of the planet’s surface in a matter of several
weeks to nonths. The quite prodigious scientific potential of planetary
orbiters lies in coupling this conprehensive coverage with observing systens
capable of gathering data on properties that include elenental and
m neral ogi ¢ conposition, exogenic and endogenic surface alterations, thernmnal
bal ance, gravity, t opogr aphy, stratigraphy, albedo and  nagnetism
Observations made fromthe orbiter are capable of characterizing the body as
a whole, as well as specific regions, at a level of spatial detail dependent
on the resolution of the observing instrument . For a gamm-ray
spectrometer, repeated traverses are necessary in order to build up
sufficient counting statistics within the field of view \Wen this has been
acconpl i shed, areas found to be of special interest can be identified for
nore intensive investigation by other orbiting =xperiments or as candi date

sites for landed m ssions capable of nore detailed exam nation.




Gamma-ray spectroscopy from lunar orbit directly addresses the chenical
conposition of the surface and, indirectly, what that know edge signifies
about the origin, evolution, and present state of the Moon. The Mbon’s
surface conposition is the end product of a series of processes beginning
with condensation of the nebula and proceeding through stages of
accunul ati on, collision and nodification. Extensive heating follow ng
gravitational inpact during accretion lead to chemical differentiation and

the formation of a crust, a mantle and perhaps a core.

The naturally radioactive elements K, U, and Th, produce heat as they
decay. G ven sufficient concentrations of these elenents, over a long
period of tine this heat will nelt the rocks in which they are dispersed.
When nelting occurs, as in the Earth, the radioactive elenents are anong
t hose fractionated in the process and enriched near the surface of the body.

They are thus a cause, together with the energy generated by gravitational

accretion, of planetary heating as well as a nmmanifestation of its
consequence, The abundance of K, U and Th in the lunar surface can be
deterni ned by neasuring the gamma rays produced as they decay. O her

elements in the surface, wupon irradiation by energetic cosmc rays, undergo
reactions that are acconpanied by the emi ssion of characteristic gamma rays.
The energy of these gamma rays identifies the enmitting element, while their
intensity is proportional to concentration. The absence of an absorbing
| unar at nosphere makes it possible to record |unar gamma rays at orbital
altitudes. A di scussion on the production of characteristic gamm rays by
radi oactive decay and by cosmic-ray excitation can be found in the chapter

by Evans, Reedy and Trombka.
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The possibility of performing a renmdte gamma-ray spectroscopy
experinent at the Mboon as a neans of determning the conposition of its
surface was discussed by several i ndi vi dual s in the 1950's, nost
productively by Arnold (1958), His proposal led to the first attenpt to
perform such an experinent, an effort to obtain information superior to the

then state of know edge which is illustrated in Fig. 1.

Following two test flights to initiate the Ranger |unar program the
Ranger 3, 4, and 5 spacecraft were |aunched in an effort to hard land a
sei snoneter on the Moon's surface and, in the final mnutes of a direct
trajectory, to obtain pictures and nmeasure the ganmma-ray flux. The gamma-
ray spectroneter on board consisted of a CSI (Tl) scintillation detector in
the formof a right circular cylinder 70 nmin length and in dianeter,
encl osed within a plastic scintillator 3 nmthick (Van Dills et al., 1962).
The latter served as a phoswich type of anticoincidence shield for the
purpose of rejecting events due to the passage of cosmic-ray particles
t hrough the detector (Evans et al. , this book). Thirty-two channels of
pul se hei ght anal ysis were provided by the el ectronics. The nominal gain
range was set at O3 MeV, with provision for a commanded change to 0-0,6
MeV. Instrunent energy resolution, defined as the full energy width at
hal f - maxi num anplitude of the ¢Cs-137 0.662 MeV ganma ray photopeak, ranged
from11.% to 13.5% Inflight calibration was provided by a source of |ow
energy ganmma-ray |ines. The detector was positioned at the end of a two
meter tel escopic boom Separation from the spacecraft reduced the |evel of
background interference due to ganma rays produced by cosmic-ray reactions

with materials of the spacecraft. The electronics were nounted on the main




frane. Astronomical data was obtained in cislunar space, nanely, the first
measurenent of the diffuse cosmc gamm-ray flux in the Mev range (Metzger
et al., 1964), but spacecraft trajectory and power problens voided the |unar

obj ecti ve.

The first instrument to record identifiable gamma rays from the Moon
was carried on the U S SR Luna 10 mssion in 1966 (Vinogradov et al.,
1.968) .  Wth thirty-two channels of pul se height analysis, a 30 nmby 40 mm
Nal (T1) scintillation crystal, and the phoswich type of charged particle
rejection system the Luna 10 instrument resenbled that on the Ranger
spacecraft. However, the small size of the crystal provided a response
efficiency less than one-fifth as great, and its location on the nain
frame of the spacecraft inposed a substantially higher proportion of

background interference.

Nine pulse height spectra were obtained by the Luna 10 gamma-ray
spectrometer, seven over an energy range from O3 MV, two fromO0-0.6 MeV.
In addition, thirty-nine measurements of the integrated response from 0. 3-
0.7 MeV were recorded over various lunar |ocations at nmean spacecraft
altitudes ranging from400 to 1,000 km The preponderance of continuum
gamma-ray radi at ‘i on over the lunar chem cal signature was noted, but the
first order fact that the lunar highlands are not granitic in conpositio,
was clearly established. Comparison of the thirty-nine integrated 0.3-0.7
MeV measurenents showed the | unar conponent to be 15-20% greater over nare
regions than over highland regions (Vinogradov et al., 1968). However,
conparison with subsequent Apollo data from corresponding |ocations shows

l[ittle correlation.
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In 1967 and 1968, three neasurenents of |unar surface conposition were
made by alpha backscattering instruments on the Surveyor 5, 6, and 7 |anded
spacecraft (Patterson et al., 1969). Two locations were in nmare areas, t h e
third was in the highlands. Concentrations of eight elenents were reported.

The mare conpositions were found to be similar and, apart from having higher
titanium and | ower sodi um content, conparable to the conposition of
terrestrial ocean ridge basalts (Turkevich, 1971). Surveyor 7 | anded near
the crater Tycho and identified nmajor differences between maria and highl and
conposition, the latter having snmaller amounts of titaniumand iron, as well

as larger anounts of alum num and cal ci um

In 1969, the Apollo 11 mission returned the first sanples fromthe
Moon. In 1972 and 1973, Apollo 15 and Apollo 16 carried into lunar orbit a
conpl ement of instruments , one of which was a gamma-ray spectroneter. The
remai nder of this chapter will focus on the Apollo 15 and Apollo 16 gamma-

ray observations and their significance.

THE APCLLO | NSTRUMENT AND | TS PERFORMANCE

The Apoll o ganma-ray spectroneter (AGRS) is briefly described by Evans
et al. (this book); for additional details see Barrington et al. (1974).
The instrument was mounted on the end of a boom neasuring 7.6 neters when
fully extended, but which was capable of being placed at internediate
positions by astronaut timng control for the purpose of separating and

subtracting the spacecraft background conponent. No useful data was




obtained prior to descent of the lunar nodule, due to the |ocal production
of gamma rays by a radioisotopic thernoel ectric generator which was present
as the power source for the Apollo surface experinent package. After |unar
modul e  separation, the data-taking duty cycle for the remaining
approxi mately 50 lunar orbits was as high as the m ssion sequence plan
permtted, Data taken during the return trip to Earth provided background
and astrophysical information. The nearly circular orbits of Apollo 15 and
16 ranged from 100 to 1.20 kilometers above the surface. At this altitude
the spatial resolution, defined as the radial distance at which the flux
froma point source drops to one-half of its intensity at the nadir (Figure

3 in Evans et al., this book), is about 75 km

The orbit of Apollo 15 was inclined at 30° to the equator, that of
Apollo 16 was nearly equatorial at 9°. Conmbi ned coverage during useful
dat a-taki ng periods anounted to 23% of the lunar surface, none of it at
latitudes greater than 30°. Spacecraft maneuvers and a small anount of
orbit-to-orbit precession broadened the ground track. Variations in the
amount of observing time-per unit area were often large, particularly at the
edges of the Apollo 15 track. Areas neasured from both Apollo 15 and 1.6
have been very useful as a cross-check and as a neans of normalizing the two

data sets.

A Hg-203 calibration source of 0.279 Mev ganmma rays augnented the 0.511

MeV positron line and major conpositional lines for tracking the stability
of the instrument. The Apollo 15 ACGRS underwent a 27%1loss in gain and a
zero offset drift of several. tenths of a charnel., nobst of it during the

first half of the period in lunar orbit, This was traced to photomultiplier




t ube aging. The Apollo 16 AGRS was preconditioned and showed only an 8%
gain fluctuation and no neasurable zero offset drift. Energy resolution in
flight was 8.6% for the Apollo 15 instrunent, and 7.4% for the Apollo 16
instrument, both much superior to the Ranger instruments; the Apollo 16
value in particular was conparable to a fine |aboratory system of the

peri od.

Seventy-four hours of Apollo 15 data were collected in lunar orbit with

the boom fully extended. Not all of this was recovered fromthe ground
stations. Applying the additional selection criteria requiring an
unobstructed view of the Mon, the nomi nal gain step setting,

anticoincidence shield operation, and orbit-to-orbit consistency (Metzger et
al., 1977), the quality data base for Apollo 15 totaled 36.3 hr below 2.75
MeV, 40.6 hr above 2.75 MeV, and 41.0 hours for Apollo 16. In terms of the
conbi ned ground track this anounts to an average of 12.6 mn. per 5° x5°
pi xel of latitude and | ongitude. The actual observing tines over areas of

this size ranged froma few seconds to 0.6 hour.

The nom nal energy range of analysis to which the Apollo instrunent was
set, 0.2-10 MeV. spans nearly all wuseful gamma-ray lines from surface
materi al . Analog signals from the detector were translated into 511
channels of wuniform energy intervals, plus an additional channel for gamma
rays of energy above the maxi mum increnental val ue. The output data was
transmtted as a bit-serial data streamon an event-by-event basis. The
data was grouped into words of ten bits per gamm-ray event, and these words
were in turn arranged into frames of 128 words. The first seven words of

each frame were devoted to a pre-established synchronization code, followed




by the status of the anti-coincidence signal and the contents of three
single channel accumul ators, one of which neasured instrunent live tine.
Each of the remaining 121 words conveyed gamma-ray spectral information if
an event was present in the output register at the tine of readout. N ne of
the bits within each word represented the nunber of gated-clock pul ses
accunul ated in the gated-clock counter, corresponding to the registered
amplitude of the gamma-ray event. The tenth bit was inserted by the parity

generator in order to check for errors in the data transnission

DATA REDUCTI ON

Cener a

Transni ssion of the data on an event-by-event basis as described above
preserved spatial resolution and pernmtted conplete flexibility in binning
the data according to any desired arrangenent of time or spacecraft
| ocati on. Translating the accunul ated pul se height spectra to elemental
concentrations is conplex, requiring a know edge of the relevant background
conponents , the response of the instrument, the observing geonetry, and the
production of gamma rays per unit surface concentration (Evans et al., this

vol une)

The | unar spectrum consists of a discrete |line conponent which contains
the conpositional information, together with a continuum Recause of its
strength and the degree to which the linmted energy resolution of the Nal

detector broadens the incident gamma-ray |ines, the continuum dom nates the
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spectrum contributing about 85 percent of the response, the precise
proportion varying with energy and surface conposition. The continuumis
predomi nantly generated by secondary processes following the interaction of
cosmic rays wth the lunar surface, principally the electron-positron
cascade and nultiplication, together wth electron bremsstrahlung and
multiple scattering. A portion of the discrete emi ssion also undergoes
Compton scattering in the lunar surface and adds to the continuum Figure 2
shows a lunar pul se height spectrum before and after its separation into
conti nuum and discrete line conponents (see also Table 4 of Evans et al.. ,
this book) . Three nethods have been enployed to derive surface

concentrations fromthe latter, response function analysis, energy band

anal ysis, and photopeak analysis. Each will be discussed in turn.

Response Function Analysis

The response of a detector to an incident gamma ray is dictated by the
three interaction nechanisns, photopeak absorption, Conpton scattering, and
pair production (Evans et al. , this book), whose relative effectiveness
depends on the size, shape, and material of the detector as well as the
energy of the ganna ray. I ndi vi dual response functions correspond to
monoenergetic ganmma rays. A set or library of response functions specific
to the Nal scintillator in the Apollo gamma-ray spectroneter was obtained by
measurenents with standard gamma-ray sources and Monte Carlo cal cul ations
(Berger and Seltzer, 1972). Fromone to several ganmma rays may contribute
significant emssion from a particular elenent. I ndi vi dual response
functions corresponding to nonoenergetic gamma rays can be added in

proportion to their relative intensity to produce a spectrum characteristic




of emission froma particular elenent (Trombka et al. , 1979). A set of
t hese monoelemental response functions of npst interest to the Apollo
F3 analysis is shown in Fig. 3. In addition to the photopeak, ganma rays above

1 MeV undergo pair production leading to first and second escape peaks which
beconme significant spectral features for gamm rays above 3 MV. The
conplexity of the conposite discrete spectrum shown as the top line of Fig.

3, and the small photopeak to Conpton scattering ratio of nost of the |ines,

suggests use of the entire monoelemental response function to characterize a
particular element rather than confining the analysis to the area of the
phot opeaks. As used, the technique applies a |least squares fit of selected
library response functions covering the energy range of the nmeasurements to
the neasured data (Trombka and Schmadebeck, 1968) . The library of
monoenergetic response functions is also used to obtain an estimte of the
conti nuum spectrum This continuum is then subtracted from the original

spectrumto give a first estimate of the total discrete line spectrum  The
library of monoelemental response functions is fitted to the discrete line
spectrum by neans of a matrix inversion analysis Subtracting the tota

di screte line spectrumfromthe original spectrum gives a second estimte
of the continuum  The process is repeated until a good fit is obtained for
both the continuum and the monoelemental response functions. Typically this
has required about three iterations. A conparison between the top curve of
Fig. 3 and the crosses which correspond to tahe separated discrete line
spectrum shows the fit between the conbi ned response functions and the
correspondi ng conposite lunar spectrum A transformation from observed
counts to emitted photons and application of the estimated rates of

production yields values of concentration
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In application, a nine conmponent response function library was used
whi ch included elenents like Ca and Al from which no useful data has been
obtai ned (Metzger et al. , 1974). To reduce the nunber of variables, Th and
u were conmbined into a single conmponent with an abundance ratio of 3.8, the
conmonly observed value in lunar rocks and soils. Thorium concentrations
were obtained by applying this ratio to the resultant value of the total
conponent. Although well determ ned in the analysis, Si and O val ues were
fi xed based on returned sanple anal yses because their variation over the
lunar surface is less than the uncertainty of their determi nation here. The
conti nuum was separated into two conponents, one due to cosmc-ray cascade
processes and independent of count-rate, the other due to Conpton
scattering of gamma rays from natural radioactivity in the |lunar surface,
which varies with the count rate and predoninates at |ower energies
(Bielefeld et al.., 1976) . El enent concentrations are sensitive to the
selection of the continuum hence the need to iterate stated above.
Nornmalization factors based on the results of returned Apollo sample
anal yses were needed for those el enents whose ganmma-ray lines are the result
of cosmic-ray interactions , for which accurate know edge of the production
parameters is limted. For the natural radiocactivities (K and Th + U), the
use of nuclear data and l|aboratory calibrations were found to be sufficient

wi thout the application of ground truth factors.

Energy Band Analysis

From the start of the Apoll o gamma-ray data analysis, variations in
lunar surface conposition have been identified by accurmulating the counting

rate within given energy intervals over specified lunar surface areas
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(Metzger et al., 1973). The nost useful interval has been fromO0,55 to 2.75
MeV. In the energy region above the positron line at 0.51 MeV (the line
itself contains little chemcal infornmation), up to and including the
hi ghest energy line due to natural radioactivity, the 2.61 Mev Th line, the
regional differences in count rate are predomnantly due to varying
concentrations of the radioactive elenents Th, U, and K This is a
fortunate circunstance, since the statistical precision of the total count
rate in this region is excellent, and the best possible areal resolution can
thereby be obtained. Wth this sensitivity it has been possible to
calculate the relative abundance of natural radioactivity for regions

containing less than a mnute of observing tine.

Put in general terms, the energy band anal ysis technique analyzes a
particul ar elenment through variations in count rate over specific portions
of the energy spectrum where its effect is greatest. Conposition can be
obtai ned by matching a set of net lunar count rates wth known surface
concentrations . A regression line is defined by the relationship. ‘I"he
perturbing effect of other elements on the band count rate nmust be eval uated
and renoved if significant. Wth the response function nethod, a
si nul t aneous analysis for many elenents is perforned by transforning the
entire pulse height spectruminto an incident photon spectrum based on a
library of conponent response functions. By comparison, ener gy band
anal ysis enploys the integrated count rate over linited energy intervals,
does not require separation of the lunar spectruminto line and continuum
conponents, yields results for one elenent at a tine, and can be applied to

shorter periods of observation.
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Photopeak Anal ysi s

The third method applied to derive concentrations fromthe AGRS data,
phot opeak anal ysis, used the matrix inversion of a set of functions for the
purpose of fitting the approximately Gaussian photopeak response of the
detector to an incident line flux. In this method the analysis is confined
to a limted energy range within which one to several elenents of interest
have phot opeaks or escape peak features. The analytic nodel used to
describe the spectral data includes the contributions of photopeaks and/or
escape peaks, the continuum and a |inear background. This particular form
of photopeak analysis can be applied to several elenents at a tinme and to
several peaks produced by the same elenent, is |ess dependent on an accurate
isolation of the continuum conmponent than library function analysis, but
uses less of the information contained in the spectum Phot opeak anal ysi s

has seen only limted application to the Apollo gamma-ray data set.

Spatial Deconvolution

The Apoll o gamre-ray spectroneter had a nearly isotropic response to
[ unar ganma radiafion. Al'though this wide field of view was desirable in
order to increase the intensity of the lunar signal, it penalized spatial
resol ution. As spatial resolution worsens, the boundaries between chenica
provinces become increasingly diffuse, thereby limting their definition,
and chem cal contrast is subdued. Accordingly, a nmethod of deconvolving the
instrument response was developed to partially restore spatial resolution
and contrast by renoving the snoothing effect of the detector (Haines et

al., 1978). It has been successfully applied to Th, whose wi de band signa
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is strong enough to sacrifice some of the precision in the neasurenment of
concentration in exchange for a significant i nproverment in spatial

resol ution and accuracy.

A 2° x 2° pixel array of concentrations and associ ated uncertainties
derived from energy band anal ysis was assenbled to define the data field.
Concentrations observed at any location in orbit are the average of all
concentrations wthin the field of view weighted by the geonetry of
response. A succession of geonetric nodels of the regional surface
concentration are convol ved through the response function of the instrument.
These nodels are developed by the nost appropriate choices from a set of
geometric constructs. Each construct defines or nodifies a feature or
boundary of the Th distribution on the lunar surface. For exanple, a “flat”
construct gives every pixel in the nodel field a unit value. The *border”
construct places a great circle arc through the nodel field. Al pixels
whose centers are on one side of the border are given unit value, those on

the other side zero value, and so forth.

The predicted data field produced by the convolution integration is
conpared with that actually observed fromorbit on a pixel by pixel basis
using |east sduares anal ysi s. Di fferences outsi de of statistica
expectation are interpreted in ternms of deficiencies in the nodel. Based on
the conparison, the geonmetric nodel is inproved; the inproved nodel is
convol ved again and the |east-squares analysis repeated until the quality of
fit cannot be inproved. Such forward iteration leads to nodels that are
close to the Th distribution on the |unar surface. In practice, other

considerations such as reasonabl eness of regional concentrations and
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locations of known features are also utilized to constrain the final
sel ection of nodels. The result is one or nore superior models which, in
the latter case, are not statistically distinguishable from each other wth
respect to the quality of fit. They represent the best description of the
thoriumsurface distribution, based on the quality of the data and the

limtations of the nodeling process.

Data fields extending about 30° in |ongitude have been found optinum
for these deconvolution studies, providing regions of significant size to
generate an adequate nodel. The isotropy of the detector has the virtue of
permtting observations to be made beyond the ground track, although with
less certainty than if data had been obtained over these areas. It is
possible to model up to 6° beyond the data track, depending on the size of

the region and the relative concentrations involved.

Figure 4 shows a conparison between observed and deconvolved profiles
along two strips of latitude for the Aristarchus region. As expected, the
deconvol ved profiles show sharper borders and greater contrast than the
undeconvol ved. As a validation check, the sum of the observed data within a
given field has been conpared with the sum of nodel values over the sane
field. The two values agree within 1-2% denonstrating that the sum of the

residuals is close to zero
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RESULTS

Mapping

Initial results fromthe Apollo ganma-ray spectroneter featured count
rate maps of lunar radiation within the energy band from 0,55 to 2. 75 MeV.
Prior processing consisted of data selection, correction for variations in
orbital altitude, and assignment by location with or w thout the renpval of
background contributions due to the cosmc gamm-ray flux and induced
radiation from local material of the spacecraft. A color map using 5°
squares for the Apollo 15 ground track was published in Metzger et al.
(1972) . Bl ack and white maps using 5° squares for the Apollo 15 and 16
ground tracks were published in Arnold et al. (1973) and Metzger et al.
(1973) . The latter is shown in Fig. 5. A nore detailed count rate color
map using 2° squares for both ground tracks appeared as part of a set of
lunar orbital data maps in the Proceedings of the 4th Lunar Scienc,
Conference in 1973. For this map, the continuum and cosmic-ray induced
radi oactivity contribute-ons were also renoved. The natural radioactivity
ranged over nore than a factor of 20 and was presented in seven intervals.
Confidence in this map was fortified by the reproducibility of data from
successive spacecraft orbits and by conparing regions overflown by both

m ssions (Metzger et al. , 1973).

From these early maps (e.g. Fig. 5) it was clear that enhanced natural
radi oactivity is confined to broad highland and nmare regions on the lunar
nearside, and that linb and farside highland concentrations of Th, U and K

are low, below values typical of terrestrial basalts. The single exception

16




within the two farside data tracks occurs near the crater Van de Graaff.

Nearside maria show a striking contrast between east and west, wth

radioactivity in the west averaging about 2.5 times that seen in the east

This broad distribution of high radioactivity throughout the western maria

points to a genetic relationship for that entire conplex (Arnold et al.,
1973), i.e., boundaries of individual.ly named units such as Mare Imbrium,
Oceanus Procellarum, and Mare Nubium, do not necessarily correspond to
conposi tional boundaries. Wthin the western maria, detailed structure is
seen, in particular three |ocalized regions containing the highest |evels of
[unar radioactivity seen to date. Al three are associated with nonmare
regions within the western maria (Metzger et al., 1973). Fromthis, as well
as the distribution of radioactivity in the western highlands bordering Mre
Imbrium and COceanus Procellarum, it has been suggested as an alternative to
the lateral mixing of inpact ejects, that this material in which nmost of the
lunar radioactivity is carried, and which is known as KREEP (Taylor, 1982),
was enplaced by the fractionation of nmagna fromthe interior over a broad
area of the western nearside. This would have occurred prior to the inpact
excavation of Mare Imbrium and the subsequent covering of the Imbrium-
Procellarum region by mare basalt flows (Metzger et al. , 1973). Sever al
hundred kil oneters beyond the western boundary of QOceanus Procellarum the
concentration of natural radioactivity falls off rapidly through regions
around the linb into the western farside highlands (90°-1800 W where the
concentrations are noticeably lower than those of the eastern farside

hi ghl ands (90°-180°E), particularly over the northerly track of Apollo 16.

Early maps were also published for Fe and K in 1974 and 1976

respectively, both based on regional values derived fromresponse function
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and interpolation. Most of the processing and plotting work has been
performed by the Astrogeol ogy Branch of the U S. Geol ogical Survey (Eliason

and Soderblom, 1977; Arnold et al, 1977).

Results of Response Function Analysis

Initial results from response function analysis described 28 lunar
regions in terns of Fe, Mg, Ti, Th, and K concentrations with Apollo 15 data
and four elements with Apollo 16 data, Ti being omtted fromthe latter due
to a lack of consistency (Metzger et al., 1974). The anal ysis proceeded as
described previously, except that the discrete spectrum was unfolded in two
steps according to energy. Since the pul se height spectrum above 5 MeV is
dom nated by O Fe, Ti, and Al, the data from5-8 Mev was fitted with these
four monoelemental  response functions to obtain their i ndi vi dual
contributions. Then the response of these four elements was subtracted and
the resultant spectrum from 0.75-5 Mev analyzed for T, K and M.
Concentrations were obtained by applying unit concentration ganma-ray fluxes

from Reedy et al. (1973).

The expected chenical contrast between mare and highl and regi ons was
seen nearly ever)I/vvnere, with concentrations of the five elenments determ ned
found to be greater in the maria than in the highlands. The greater
abundance of Fe and Th in the eastern farside regions than in the western
was noted again, as was the extension of this asymretry to the lunar |inbs.
The Van der G aaff region appeared to be wunique, with Fe and M
concentrations typical of highland regions, but Th and K concentrations

typi cal of eastern naria.
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anal ysis (Frontispiece, 1974 and 1976). The Fe map has four intervals of
concentration ranging from less than 6.5%to nore than 12% Notable is a
farside asymretry with the Fe concentration being higher in the east than in
the west. The K map, with sonme gaps in the ground track, is divided into
five intervals of concentration ranging fromless than 800 ppmto nore than

2500 ppm

Bi nni ng based on areas greater than 2°by 2°is necessary for elenents
with less sensitivity than Th, particularly where the concentration is low
or the observing time is small. Larger areas are also often desired based
on geol ogical classification. Conpositional results fromthe AGRS were
initially reported for regions defined only as |I|ongitudinal bands wthin
each ground track (Metzger et al., 1974 , but such an approach often
conbi ned areas displaying clearly different surface characteristics such as
albedo and typography. Therefore, nore detailed outlines were devel oped
t hat conbi ned many adjacent 1° x 1° units of area into fairly honobgeneous
regi ons. Consi deration was al so given to including an adequate anount of
data for analysis. Regional boundaries are nostly geographical, but some
regi ons have been created to identify geochemical distinctions and for
conparison wth ot her data sets. These regions are defined in Metzger et
al . (1977) , with sone minor revisions and tw additions in Haines and
Metzger (1980). They have been used in nany of the papers discussing orbital

geochemical results.

Later maps, several of which will. be discussed below, incorporate more
careful ly devel oped ganmma-ray data bases and i iterference corrections, as

wel | as nore sophisticated processing techniques of normalizing, smoothing,
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A second response function analysis carried out by Bielefeld et al.

(1976) incorporated a nunber of significant inprovements (Trombka et al.,
1979) , A revised and expanded library of gamma-ray |ine source strengths
was used, based on additional nuclear data (Reedy, 1978). The data set was
reconpil ed based on stricter selection criteria and nmore careful adjustnents
applied to corrections for variations in instrunent gain, offset, live tineg,
and spacecraft altitude. The pulse height spectrum was separated into eight
background conponents in addition to the discrete line contribution. “I"he
[ unar continuum was redefined by subtracting a total |ine spectrum conmponent
calcul ated from an average surface conposition derived fromground truth.
Separate continua were defined for Apollo 15 and 16; the 5% increase in the
conti nuum of Apollo 16 reflected a m ssion-to-mssion increase in the

incident cosmc-ray flux.

After accumul ating the data by region and subtracting the background,
the matrix inversion analysis was performed on the entire discrete |line
conponent in one step rather than using two energy intervals as in the
initial analysis. In addition to fixing the concentrations of Oand Si as
before, the value for Ca, which could not be usefully determ ned, was also

fixed at a single representative val ue.

Four elenments, Th, K Fe, and My, were determned for sixty regions,
among them the entire ground track, conputed separately for Apollos 15 and
16. Interference from oxygen prevented useful results for Ti. In the
earlier (1974) analysis, ground truth normalization of the elenments from

cosm c-ray-induced results were based on a conparison between Apollo 11 soil
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sampl e data and the Mare Tranquillitatis regional val ues. In this analysis
the normalization was nore broadly based. Soil chem stry from several
landing sites was associated with broad orbital regions, from which nean
concentrations for the entire Apollo 15 and 16 ground tracks were cal cul ated
by folding in the fraction of the ground track covered by material of each
type. Normal i zation factors for Fe and Mg were then cal culated from the
ratio of their nodel ed nmean concentrations to the concentrations obtained by

matrix inversion of the entire ground track.

Ceneralized estimates of error were made in terns of tine independent
and time dependent conponents. Validation checks produced positive results.
Useful regions were limited to areas in which nore than 2,000 seconds of

data was avail abl e.

Regional results included the nmean conpositions of four eastern maria.
Mare Serenitatis, Mare Fecunditatis, and Mare Tranquillitatis were found to
be broadly similar, although K and Fe concentrations in Mare Serenitatis
wer e about 20% greater than in Mare Fecunditatis and Mare Tranquillitatis.
Mare Snythii, with |lower concentrations of Th, K, Fe and My than the other
three eastern naria, di spl ayed a conposition closer to that of highland
regi ons. However, the Smythii basin includes a portion not covered by nare
basalt flows. Intramare differences were noted for Mare Tranquillitatis and

Mare Serenitatis (Reedy et al., 1975).

The three local regions of strikingly high natural radioactivity seen
in the west, south of Archinedes crater, south of the Fra Mauro formation,

and at Aristarchus, showed conpositional distinctions despite simlar Th
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content. The actual |ocation of these maxi ma was di scussed, and it was
concl uded that the peak value is probably north of the ground track in the
Archi nedes region, night be north of the ground track at Fra Mauro (this
based in part on data fromthe Apollo 14 landing site), and iscontained

within the ground track at Aristarchus.

Across the central equatorial highlands from 30°E to 4°W the KREEP
conponent containing the bulk of the Th, U and K radi oactivity increased
continuously, while Fe and My values remmined typical of the highlands. The
Van de Graaff region appeared |less chemcally distinct fromits surrounding
hi ghl ands than in the first response function analysis (Metzger et al.,
1974), and it was judged that the chemistry is consistent with a mxture of
mare and highland material or an intermediate mare chemistry simlar to Mare
Snythii. A farside asymetry in My suggested by the 1974 anal ysis was not

apparent in these results.

Energy Band Anal ysis

Thori um

As a basis for developing the regression line of known concentration vs
net lunar counting rate, thorium concentrations for nmore than 50 regions,
each derived separately by library function anal ysis and photopeak anal ysis,
were conpared (Metzger et al. , 1977). The fine correlation confirnmed the
quality of both sets of results. Regional concentrations for the resulting
regression line were represented by weighted averages of the values from

both techni ques. The energy interval used was the wide 0.55-2.75 MeV band
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di scussed previously, Prior processing of the band data consisted of
normalizing for variations in gain, zero drift, live tinme, spacecraft
altitude, and local elevation, and the renoval of nonlunar background
conponents. The data was examined on an orbit-by-orbit basis and subjected
to a set of criteria for acceptance. To apply both data sets to the sane
regression analysis, Apollo 16 data was normalized to Apollo 15 by conparing
east and west crossover regions based on 5° x 5° wunit areas. The
significant difference in observed count rates was the result of higher

cosmic-ray and interplanetary electron fluxes during the Apollo 16 nission.

Exami nation of the reference set of concentrations vs count rates
showed a need for two fits, a straight line for ten regions covering the
nearside central highlands and the general vicinity of Van de Gaaff on the
far side, and a nonlinear relationship for all the rest. After derivation,
the fits were applied to generate Th concentrations wi.th associated
uncertainties for an expanded set of 144 regions (Metzger et al., 1977) .
The twelve conponents of uncertainty identified and quantized included the
effect of non-thorium chenical variations, the effect of which was found to
be small relative to the intensity of the w deband signal. Val i dati on
checks consisting of consistency between conposite and subdivided regions,

regi onal crossover conparisons between Apollo 15 and 16 data, and ground

site soil conposition conparisons were all favorable.

The data generated from this Th analysis, processed for color map
presentation at the United States Geol ogical Survey (USGS) Flagstaff |nage
Fi« Processing Facility, is showm in Fig. 6, Apoll o 15 and Apollo 16 data

tracks are superinposed on a rectangular grid providing coverage of #50° in
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| atitude, *180° in |ongitude, A schematic base map delineates the Mare
Imbrium-Oceanus Procellarum conplex, the eastern maria, nmajor |linb and
farside basins, particularly along the ground tracks, and sone local
features. The input data, prepared by Robert Radocinski at JPL in the form
of corrected count rates on a 1° x 1° grid, have been snoothed to a
continuous distribution using weighted-average spatial filters ranging in
picture element dinmension from 3x3 to 39x39, with | ess weight given to the
| arger sized filters and data points of larger uncertainty (Eliason and
Soderblom, 1977). The effective spatial resolution of the final inmage is
about 2° of surface area. Concentrations are derived fromthe regression
rel ati onship of Metzger et al. (1977). Seven col or |evels have been used

over the concentration range; the key is given with the figure.

Figure 6 shows wvividly the degree to which radioactivity is
concentrated in the western nearside surface of the Mon. Wth the color
scale used, the two northern features of highest concentration appear to be
about 8° wide in longitude prior to the application of spatial
deconvol uti on; the southern feature is somewhat broader. Note that the
Aristarchus Plateau and Crater (48°W, 23°N) and the Archimedes Crater (4°w,
20°N) are shown_ on the base map. Continuation of the zone of notably
radi oactive material beyond the boundaries of the western maria, especially
into the central equatorial highlands, is nore striking than observed before
(Arnold et al., 1977). In contrast, color transitions occurring within 3°
or less of mare-highland borders can be seen in a nunber of places in the
east. On the farside, the region of Van de Graaff enhancenent includes that

feature at 172°E, 26°S and extends nore than 10° to the east.
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From the color map it can be seen that the general distribution of
surface radioactivity on the Mon is, in order of decreasing concentration,
the western maria, eastern maria, nearside highlands, |linb and farside
hi ghl ands. Al though based on only 23% of the Mon,  photogeologic
associ ati ons suggest that this result will hold for the entire surface. The
average Th concentrations for nmjor regional groupings and their associ ated

uncertainties are given in Table 1.

In the western naria, excluding the mnonmare enhanced areas of
Aristarchus and Fra Mauro (17°w, 8°S), regional Th concentrations range from
3-6 ppm with an average value of 4.6 * 0.4 ppm  Thorium shows a pronounced
decrease in concentration going fromeast to west over both ground tracks in
Oceanus Procellarum (~30°-85°w, 12°5-30°N), particularly as the mare-
hi ghl and border is approached. In the east, Mare Serenitatis (~10°-30°E,
16°-28°N), Mare Tranquillitatis (~20°-45°E, 5°-16°N), and Mare Fecunditatis
(42°-60°E, 8°s-5°N), all average about 2.0 ppm Th, without a significant
di fference. Wthin these wmria and away from highland borders,
concentrations are indistinguishable from or somewhat higher than total mare
values , the latter ascribed to a degree of observational nixing from
highland areas within the field of view Additional contrast is seen within
Mare Serenitatis and Mare Tranquillitatis, concentrations in the east being
lower than in the west. Lower Th values are observed for Mare Crisium
(~50°-65°E, 10°-20°N) and Mare Smythii (~80°-92°E, 7°S-6°N) which lie closer
to the eastern linb. Mare Undarum (~60°-72°E, 0-10°N), a snmal|l mare between
Crisium and Snythii, shows no enhancenent relative to its surrounding

hi ghl ands.
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Average Th concentrations for the seven large highland areas listed in
Table 1 show a range anounting to a factor of six. Several |ocal regions of
hi gher radioactivity, such as Fra Mauro, the Apennine Bench, the Haenus
Muntains and Van de Gaaff have not been included. Differences in
concentration with location nmust reflect the distribution within the central
and nearside highlands of a greater proportion of those highland basalt rock
types which carry the radioactive signature. Substantially |ower Th val ues
are found in the west linb than in the east |inb, The west linb average of
0.38 ppmis also |lower than the average in the farside highlands whether
west or east, making the western linb the area of |owest radioactivity thus
far observed on the Mon. The | owest Th value anong the 144 delineated
regions is a 10° x 12° area located just beyond the western Ilinb and
centered a few degrees north of the equator, for which the neasured Th
concentration is 0.24 * .10 ppm The western heni sphere therefore possesses
the highest and | owest |evels of radioactivity mapped to date. By contrast,
the east linb regions are relatively invariant with Th concentrations of
0.62-0.82 ppm The difference in radioactivity between east and west |linmb
regions is striking, anounting to a factor of two. This is about half the
ratio between the nearside central highlands and farside highlands.
Comparison of the western and eastern farside highlands confirns the
asymmetry noted previously (Metzger et al. , 1973; 1974) as a 50% greater Th

concentration in the east.

The nearside western highlands show considerable variation. This
appears to be the result of their proximty to the |arge KREEP-rich area
whi ch surrounds and underlies Mare |Inbrium and Oceanus Procellarum. Once

again the east shows less contrast, Th ranging from about 1.1-1.4 ppm
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bet ween 55° and 90° east | ongitude. The highland regions situated between
the eastern maria from 40°E to 62°E are some 20% higher in Th than the
hi ghl ands between 55°E and 90°E, and are roughly equal to the 1levels
nmeasured in Mare Crisium and Mare Smythii. It follows that the contrast in
Th content between Mare Crisium and Mare Smythii on the one hand, and these
intermare highlands on the other, is less than that versus the maria |ying

to the west.

Movi ng eastward across the central highlands on the Apollo 16 ground
track, the Th concentration drops sharply and steadily from values close to
8 ppm at the western edge near Alphonsus (3°W, 13°S) to 2 ppm at Descartes
twenty degrees to the east, then remains essentially constant eastward
across the reminder of the central, highlands. Not only does the 2.2 ppm
average exceed by a |arge anmpunt that found el sewhere in |arge highland
areas, it is also greater than the average value of 1.82 ppmin the eastern

nari a

By dividing the lunar surface into chem cal provinces and assigning Th
concentrations to them by analogy to measured areas, estimtes of the Th
content of the Moon's entire surface have been nade (Metzger et al. , 1977)
For a nodel consisting of five provinces wth the associated Th
concentrations listed in Table 2, the whole nbon average concentration is
1.29 ppm This type of calculation has also besn used to estinmate crustal

abundance
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Ti tani um

The second elenment for which a set of regional concentrations was
derived by energy band analysis was titanium (Metzger and Parker, 1979).
Compared to other elements such as Fe, Si and O  which also produce
characteristic ganma rays by nmeans of cosmic-ray induced activation,
deriving Ti concentrations from the Apollo data is nmore difficult because
its abundance is relatively low, its strongest lines occur at high energies
where the detector response is relatively poor (only partly offset by a
| ower underlying background), and because other elenments, particularly Fe
and O contribute significant levels of interference over the same energy
interval. The inpetus for the effort to obtain Ti results lies in its
i mportance in characterizing rock types, particularly for distinguishing
various mare basalt conpositions and the conditions under which they were
formed (Rhodes et al., 1975; Papike and Vani man, 1978). O the elenents
accessible by orbital gamma-ray spectroscopy, Ti and Fe are the two npst
useful to distinguish mare basalt rock types in order to determine their

relative abundance and distribution (Davis, 1980; Metzger and Drake, 1990).

The energy interval chosen for extracting Ti concentrations fromthe
AGRS data was 5.95-6.37 MeV, a choice dictated principally to nininze
contributions from several Fe |ines. Cenerating the regression curve
requires a set of regions whose concentrations are known. The Th regression
curve was obtained using a set of regions whose concentrate ons were
determined by combining results from response function analysis and
phot opeak analysis. Unfortunately, the Ti lines are too poorly resolved in

a scintillation detector for photopeak analysis, while an attenpt to
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construct a regression curve froma set of Apollo 15 concentrations derived
by response function analysis proved unsatisfactory. The regression curve
was therefore generated in a different manner, nanely by utilizing Ti
concentrations of returned soil sanples at the various landing sites. These
were plotted versus the energy band count rate of representative |unar
regions, i.e., fromregions within which the site was |ocated, or regions
were close by and believed to be geochemically equivalent to the site. When
the interference due to Fe, Ca, A, O and Si was renoved, a good
correlati on was obtai ned. Iron was renmoved on a region-by-region basis, in
proportion to the count rate ascribed to Fe from an analysis of the 6.37-

8.00 MeV band in which it is the major variant; the other four elenents were
treated as a group in the manner enployed for bulk element interference in
the Th anal ysis. The Ti regression curve is shown in Fig. 7. The
uncertainties of the points are the root-nmean-square values of the random
error conponents for the observed count rates with unit weighting applied to
the concentrations. Note that the Apollo 17 landing site at Taurus-Littrow
(28°E, 20°N) provi ded soil sanples derived fromthe local mare as well as
the highlands, the first taken to represent the region containing the site,

the second paired with the adjacent highlands region to establish an

additional point for the regression set.
Concentrations were produced for 137 regions. Val ues range from no
detectable Ti to a level of 4.4% over a portion of Mare Tranquillitatis.

Figure 8 shows the USGS color map prepared fromthis data set.

Areas of titanium enhancenent over the eastern nearside are clearly

associated with mare regions. Mare Crisium is the notable exception anopng
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the five eastern maria surveyed. Though linited by a short observing tine,
the nmeasured value of 0.9% is conparable to the 0.7% value found for the
soil returned from the Luna 24 site which is located in Mare Crisium
(Blanchard et al., 1978). No local concentration significantly greater than
the Apollo 11 soil sanple value of 4,5%was seen within the ground track.
Anmong the eastern wmria, Mire Tranquillitatis contains the highest
concentration of Ti at 3.1% followed by Mare Serenitatis with 2.4% Ti and
the northern half of Mare Fecunditatis with 1.9% Ti. Variations in
concentration can be seen within all three of these maria and appear
particularly pronounced in Mare Fecunditatis. Mare Snythii is only
partially covered by mare basalts; the north-south division seenin Fig. 8
corresponds to the debarkation between the flooded and unflooded portions of
this basin. A corresponding separation into two regions showed that the
flooded portion with 1.4% Ti was 70% higher than the unflooded portion,
consistent with expectation, although neasurenent precision is limted by
the short observing tinme. The higher Ti concentrations extend several
degrees beyond the eastern border of Mare Snythii. Wthout the |ower Ti
contributions fromMare Smythii and Mare Crisiumso that the eastern maria
are represented by t he three | ar ger and nmore  westerly uni ts
(Tranquilly.tatis, Serenitatis, and Fecunditatis), the nmeasured average val ue
rises from 2.1% to 2.4% Titanium concentrations for major regional

groupi ngs are shown in the third colum of Table 1.

Conparable Ti level-s are found in the western maria, but vary with
| ocation. Hi gh concentrations are seen south and west of the Aristarchus
Plateau (Fig, 8). The latter has the highest regional Ti concentration

nmeasured in the western maria (4.1%, The average for the area surveyed
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within Oceanus Procellarum and Mare Imbrium is 2.0 * 0.4% A significant
di fference appears to exist between the eastern and western portions of Mre
Imbrium (9-35°W, 20-30°N), the Ti content in the western portion being about
50% greater. Along the northern track of Oceanus Procellarum, regi onal
values range from1.5%to 4.1% Along the southern track, the Ti content
increases west of Mare Cognitum (24°W, 10°S) but shows a |ower average
concentration than found in the north. Regions on both sides of the mare-
hi ghl and western boundary appear to have Ti concentrations internediate

bet ween those of Oceanus Procellarum and the west |inb highlands.

In the highlands, Ti concentrations are everywhere distinctively |ower
than in maria and dark mantled highland areas except in the southern
hi ghl ands bordering Oceanus Procellarum, the Haenus Mountains (10°E, 18°N),
an eastern linmb region twenty degrees south of Mare Smythii, and the eastern
portion of the Mendeleev basin (I LO'E, 5°N). The apparent enhancenent at
110°w, 10°S is a spurious edge effect. The nearside-farside contrast
between high and low Ti values mirrors the confinenent of naria regions
largely to the nearside. The |owest abundances on the nearside are found in
the western portion of the central highlands and north of the Orientale
basin. Along the southern track five changes in trend can be seen between
40° E and 20° ‘W each time conforming to the predom nance of mare or

highland material in the field of view

The entire highlands viewed averages 0.8 # 0.3% sonewhat higher than
expected from measurements on returned sanples. Maj or hi ghl and regi onal
averages conpiled in Table 1 are quite uniform apart from the |ower value

observed in the western linb highlands. On the farside, Fig. 8 shows that
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hi gher values are nore common in the north than the south. The aver age
difference in Ti concentration between the limb-farside data tracks anounts
to more than 50%  Conparisons of the crossover regions, the highland east
and nearside regions, and western |linb regions, show that this is not a
systematic difference between Apollo 15 and 16. Anot her farside asymetry
is visible in the south where concentrations below 0.2% are nore dom nant in
the west than in the east. The sharp contrast in Ti abundance between the
Apenni nes (0°, 20°N) and the Haemus nountains suggests a demarcation of
geol ogi ¢ provinces. The hi ghest farside concentrations occur within the
eastern two-thirds of the Mendeleev basin. This enhancement is quite
pronounced and trends |lower both east and west of the basin, The value for
Van de G aaff and the area to the east of it is unusually low in Ti,

confirmng an earlier result (Metzger et al. , 1974).

A second energy band analysis for Ti (Davis, 1980) enpl oyed the 4.78-
6. 99 MeV band which, because the energy interval is wi der and extends to
| ower energies than the 5.95-6.37 MeV band, offers better statistics but
requires a much larger correction for iron interference. Mare Fecunditatis
was found to have high concentrations of Ti less uniformy distributed than
those in Mare Tranquillitatis. These high concentrations extend to the
Taurus-Littrow area. For the sane set of regions the range of Ti
concentrations is 20% greater than that found in the earlier analysis. Sone
significant differences in regional concentrations exist between the sets
but this analysis also finds high Ti 1levels along the northern farside

track.
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Initial observations on the concentration of iron were based on a count
rate map from2.75 to 8.60 MeV, a portion of the energy spectrum which is
free of interference from natural radioactivity (Frontispiece, 1977).
Following this, a narrower energy band nore specific to Fe, from6.37 to
8.00 MeV, was tried. Because of excessive interference due to Ti in this
range, a third interval was chosen, this time 6.99-8.89 Mev (Davis, 1980).
A regression curve was generated in a manner simlar to that used for Ti,
bei ng based on Fe values in soil sanples from eight [anding sites, | nst ead
of applying unit weighting to site concentrations, this analysis was refined
by using the method of York (1969) to incorporate uncertainties associated
with the ground site concentrations as well as orbiting count rates in
deriving the slope and intercept. The certified AGRS data set was applied
to the regression curve to produce 137 regional values of concentration
(Davis, 1980), as well as a USGS color map of the entire ground track which

is shown in Fig. 9.

Iron concentrations are seen fromthe map to be consistently higher in
mare regions than in the highlands. Wthin the extended western maria,
concentrations of Fe are highest in Mare Imbrium and northwest Oceanus
Procellarum but renmain high throughout Oceanus Procellarum except in the
regions around Aristarchus and Fra Mauro. Davis (1980) has pointed out that
concentrations in the eastern maria appear to possess sonewhat nore
variability than those in the west. Q herwi se, east and west maria val ues
are fairly conparable and nore than double the nmean concentrations in the

hi ghl ands as a whole. Mare Serenitatis and Mare Crisium contain the highest
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concentrations observed, the former in agreenment with response function
anal ysis (Bielefeld et al., 1976), while Mare Smythii contains the |owest.
For Mare Crisium, the nmap understates the abundance of 14.4% tabul ated by
Davi s. Cccurrence of a greater concentration of Fe in the nmare basalt-
covered portion of the Snythii basin than in the unflooded portion is clear
fromtheir individual regional values and is visible on the nmap. Tabul at ed
concentrations in the highlands range from 3% to 9% wth the |owest values

found, as for Th, in the western farside highlands and western |inb.

The hi ghest Fe highland concentrations are found in the eastern
near si de hi ghl ands. Area-wei ghted nean concentrations of Fe for major
regi onal divisions based on the values found by Davis (1980) are given in
the last colum of Table 1. Concentrations in the farside highlands are
wel | bel ow those of the nearside highlands with the exception of the centra
hi ghl ands. The east-west asymetry displayed by Th in the 1limb regions is

also found for Fe but the farside difference is insignificant.

Concurrent with this analysis, Haines and Metzger (1980) produced a set
of Fe concentrations for 37 highland regions in order to study highland
crustal nodels. These utilized the sane data set and the sane energy
interval, but a different regression curve, one based on ten ground site
val ues . In addition, the flux at each lunar region was corrected for the
influence of neighboring regions based on a priori know edge of mare-

hi ghl and bor ders.

A comparison of this set of regional concentrations with those of Davis

shows cl ose agreenent with Apollo 16 regions and sonewhat | ower values for
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those of Apollo 15. This reflects both the difference in the two regression
curves, and a difference in the Apollo 16 to Apollo 15 normalization factor
as derived fromthe ratio of responses within eastern and western regi ons of
trajectory overlap. The Hai nes- Metzger set does not show the north-south

farside highland asymetry suggested by Davis.

Regions high in Th are also relatively high in concentrations of rare
earth elenments. Sonme of the latter (e.g. Smand Gd) have very large therma
neutron capture cross sections, the effect of which is to reduce the flux of
thermal neutrons and thereby |ower the apparent concentrations of elenents
emtting gamma rays following neutron capture.lndications of this flux
depression effect were found in the results of response function analysis
for Fe, by comparing its strong neutron capture lines near 7.6 MeV which
shoul d show the depression effect, with its inelastic scatter line at 0.847
MeV which will not be affected (Metzger et al., 1974; Tronmbka et al., 1977).
On the other hand, a map of the integral count rate in an energy band
representing the inelastic scatter line of Fe (Arnold et al., 1978) failed
to show any contrast between the two types of Fe reactions. To resolve this
question, Davis and Bielefeld (1981) performed an energy band anal ysis over
the 0.803-0.872 MeV interval to produce a set of Fe concentrations based on
the inelastic scattering reaction Iline. The count rate was corrected for
interference due to varying concentrations of Th, U and K and an enpirical
test was used to denonstrate insensitivity with respect to an expected
contribution froman Al line at 0.844 MV. Davi s and Bielefeld found a
satisfactory correlation between their inelastic scattering concentration
set and the prior Fe set of concentrations based on neutron capture (Davis,
1980), and therefore no consistent evidence for thernmal neutron fl ux

depression in the Fe neutron capture data.
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Pot assi um

A narrow energy interval, from1.44-1.51 MeV, served for the energy
band anal ysis of potassium (Parker et al., 1981). This band was chosen to
be asymretric around the single 1.46 MeV gamma-ray line emtted by
radi oactive K-40 in order to limt interference froma strong gamma-ray |ine
at 1.37 MeV. Regi onal corrections were applied to remove the interference
due to Th + U Because production rates for naturally radioactive K [like
Th, are relatively well known, the reference concentrations of K used to
establish the regression curve were also regional values obtained by the
response function analysis of continuumsubtracted net energy spectra
(Bielefeld, et al., 1976). Separate fits were devel oped for the Apollo 15

and Apollo 16 data sets.

The concentrations obtained from the —regression curves are in
reasonabl e agreement w th corresponding ground site soil val ues. These
results are |lower on average than those from the earlier response function
anal ysis (Bielefeld et al., 1976). They range from 100-600 ppmin t: he
farside highl and;, 300-700 ppmin the linb highlands, and nearside highlands
from 700 ppmto well over 2,000 ppm  High values are seen over the central
hi ghl ands, particularly in the west. Eastern maria val ues range from 400
ppm in Mare Crisium to 1,400 ppm in the western portion of Mre
Tranquillitatis. Aristarchus, Archinedes, Fra Mauro, and Mare Cognitum, the
regi ons containing the highest observed values of Th, are correspondingly
high in K the Fra Mauro value being 2,700 ppm Certain other regions such
as Ptolemaeus crater arid the Apennine Bench Formation also show high

concentrations .
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Earlier results for K were confirned, The average value of K/ Th is
[ ower than that of the terrestrial crust (Metzger et al., 1973), reflecting
the depletion of volatile elenents fromthe Mon (Taylor, 1986), and is
inversely proportional to Th concentration (Schonfeld, 1977; Metzger et al.,
1977) . Figure 10 plots energy band analysis-derived regional values of Th
Vs . response function analysis concentrations of K, the latter taken from
Bielefeld et al. (1976), but reduced by 140 ppm to inprove the agreenent
with lunar sanple data, based on a comparison by Schonfeld (1977). The
maj or chem cal provinces are distinguished by synbol. I ncl uded for
compari son are average ratios for rock and soil sanples fromthe various
| andi ng sites. The K/Th rati o decreases asynmptotically with increasing Th
concentration over the entire range and for all provinces. Values of K/ Th
extend from 260 to 1,900, primarily reflecting the relative proportions of
anorthosite, basalt, and KREEP conponents present within a given region.
“1"he corresponding range of K/U based on a Th/u ratio of 3.8, is about

1, 000-7, 200.

The farside and |inmb highlands show the |argest range in K/Th ratio,
partly because the |ow concentrations in these regions increases the scatter
of the data, but also reflecting real differences in concentrations and
therefore in proportions of the three principal highland rock conmponents,
the anorthosites, which are predomnantly plagioclase feldspar, the norites,
a set of Mg-rich plutonic rocks, and KREEP (Janes, 1980; Taylor, 1982). The
three west linb and three east linb data points fall into two wdely
separated groups due to their approximately equal K content coupled to

sharply different Th levels. The farside and |inb highland val ues cover a




range about three times greater than all the other provinces conmbined. Note
that the average K/Th ratios for the nearside highlands, eastern mare,
central highlands, and western nare, each represented by at |east five
regions of orbital data, decrease in the sane order as the soil sanple
average ratio fromtheir corresponding sites. The nearside highlands points
conprise a tight set, considering that the group is conposed of two regions
in the west and four regions in the east. The cohesiveness suggests that
their conpositions may be fairly uniform on average. Seven non-nari a
regions within the western maria are plotted separately and conformto the

general trend.

Cal cul ating the average hi ghl and abundance of K fromthe mean orbita
Th concentration plus sanple-averaged ratios of Th/U and K/U yields 600 ppm
(Taylor, 1982, p. 231), in excellent agreement with the value from energy

band anal ysis of 580 ppm (Parker et al., 1981).

Spatial Deconvolution

Aristarchus and its surroundings was the first area to which the
spatial deconvolution technique was applied (Haines et al. , 1978). [t was
subsequently reworked after a misalignment of the data field was discovered
(Etchegaray-Ramirez et al., 1983). Besides Aristarchus, regi ons centered on
Mare Imbrium, the Apennine Muntains, Mire Smythii and the central highlands
have al so been deconvolved. Each data field has been nodeled into about a
dozen constructs of varying size and shape. The end product has been not
one nodel, but a famly of best fits which are not distinguishable

statistically, and which show no ngjor variation in nodel shape, Figure 11
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shows a conposite of representative superior nodels of the Aristarchus,
Inbrium and Apennine data fields conprising a swath about 70° in |ongitude
and 20° in latitude. Associ ated concentrations are best fit nean val ues.
Al 'though the inprovenent in spatial resolution and accuracy is acconpanied
by a 50-100% |l oss in precision, the concentration range and uncertainty for
a given construct within the famly of best fits both decrease wth

i ncreasing observing time and construct size.

Included in the area displayed in Fig. 11 are two of the three nost
radi oactive regions within the Apollo 15 and 16 ground tracks. In both
cases , the restoration of |ost contrast has nore than doubled the estinmated
peak Th concentration at the sites. The correspondi ng i nprovenent in
spatial resolution has nade it possible to localize the western hot spot
fromthe entire Aristarchus region (Bielefeld et al., 1976) unanbiguously to
the crater and its ejects blanket. Sinilarly to the east, the source of the
enhanced Th concentration, previously referred to as south of Archinedes
(Metzger et al., 1973), is found to be the crater itself and its inmediate
surroundi ngs. The latter result is the nore striking because no gamma-ray
data was acquired over Archinmedes crater, which is centered 3° north of the
Apoll o 15 ground track. The association has been nade by the ability to

deconvol ve beyond the ground track

The deconvol ved area shown in Fig. 11 contains a w de range of Th
concentrations , from 1-20 ppm For constructs nodeled in nore than one data
field, the nost reliable result based on construct |ocation and the nunber
of superior nodels has been used. The concentrations are generally

consistent fromfield to field. Mdre conpositional diversity is seen in the
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Archi medes and Apennine regions than in the Imbrium region, consistent with
photogeologic interpretation. H gh Th concentrations are not confined to
ejects-rich regions such as Aristarchus, Timocharis, and possi bly Lambert,
but are also found in mare regions as well. Sone regions of Th enhancenent
are clearly associated with surface features while others are not. The
abundance of Th on the Aristarchus Plateau is not uniform  higher
concentrations being seen north of the crater, possibly due to a greater
contri bution of ejects. Combi ning Archinedes with the Apennine Bench
provides a larger construct with a Th concentration of 12.9-13.0 ppm but a
fit which is poorer than with separate regions. In eastern Mare Imbrium the
Th range of 3.4-4.6 ppmis decidedly belowthe 5.6 * 0.4 ppm undeconvol ved
measur ement {(Metzger et al., 1977). This change is the result of the
identification and separation of the enhanced -Timocharis region. W t hout
the latter, the deconvolved value rises to 5 ppm  These results inply that
concentrations of other elenents are also likely to vary substantially

within this and sinilar regions.

In the Th energy band analysis, the flooded portion of the Smythii
basin was found to have a Th concentration only 5% greater than the entire
basi n. Wien spatial deconvolution was applied to a region which included
Mare Smythii (Haines et al., 1978), the distinction becane clear, with 1 .7
ppm and 1.2 ppm for the flooded and unflooded portions respectively. The
former value is nore conparable to the 2.1 ppm average concentration
observed for other eastern mare than the undeconvolved value of 1.4 ppmfor
all of Smythii. As nentioned above, this mare - highland dichotomy within
the Smythii basin has also been seen for Ti and Fe. The nost significant

result fromthe inproved spatial resolution in this area has been the
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di scovery of local highland regions with Th concentrations of 2.5 - 3.5 ppm
comparable to or slightly greater than those of mare basalts. The probable
cause is the occurrence of highland vol canismat a tinme approaching or just

following the term nation of intense surface bombardnent (Haines et al.

1978) .
APPLI CATI ONS OF THE DATA
The energy band and response function methods have succeeded in
extracting sets of Th, Fe, Ti, K and My surface concentrations and

associ ated uncertainties fromtw sets of gamma-ray orbital measurements.
This section offers a brief summary of various lunar issues which have been
addressed with information from the AGRS experiment. Besi des the specific
references cited, Taylor (1975, 1982), Hartmann et al.. (1986), and Phillips

(1986) offer conprehensive overviews of |unar science.

Geochemical Conparisons

Conparisons with landing site sanple conpositions serve to validate the
T3 . orbital data as well as to extend its useful ness . Table 3 presents average
soi |l concentrations of Th at nine Apollo and Luna sites, together with the

concentration of the contained or closest 2° x 2” or 5° x 5° orbital region
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The | ower sanple values for Luna 16 and 24 soils may be due to |ocal
variation. The Luna 16 site is located well into Mare Fecunditatis and the
orbital value of Th is typical of eastern maria (Table 1). The Apollo 14
site is 170 kmfromthe orbital sanple and the difference in this region of
high contrast can be accounted for by a gradient between the two |ocations.

The consistency between orbital neasurenents and site soil averages
denonstrates that gamma-ray orbital data can indicate the degree to which
| ocal surface concentrations are typical of the area anal yzed fromorbit,

which in turn provides confidence in the results el sewhere on the Mon.

Magnesi um has been neasured fromorbit by both the X-ray spectroneter
and the gamm-ray spectrometer. A conparison of 22 regional M
concentrations derived fromthe two experinents shows a correspondence
within the uncertainty of the neasurements (Bielefeld, 1977). An inverse
relationship between Fe and Al concentrations which exists for Apollo soils
and rocks (Janghorbani et al. , 1973) has been found to hold for orbital data
as well (Bielefeld, 1977). Utraviolet, visible, and infrared reflectance
spectra of mare regions contain features which are associated with the
presence of Ti and from whi ch abundances have been estimated (Johnson et
al., 1977, Piete’'rs et al., 1980). Recent telescopic spectral reflectance
observations have produced a nearside TiO, abundance map for the lunar maria
(Johnson et al., preprint) showing good agreenent with conparable Apollo
gamma-ray values in collocating the highest concentrations seen within the

Apol | o data tracks.

Interelement correlations nake it possible to extend the orbital

observations to el ements other than those neasured directly. By appl ying

42




interelement correlations to the orbital data, Taylor (1.975 ~ 1982) has
constructed an extensive table of el enent concentrations for the estimted
bul k highland conposition, using direct neasurenents where they exist and

sanpl e-derived correl ations where they do not.

Evi dence of Vol cani sm

Spati al deconvolution of the region around Mare Snythii (Haines et al.,
1978) has discl osed several areas to the southwest near the Balmer basin
(70°E, 20°S) with Th concentrations greater than any undeconvolved val ues
seen in the eastern highlands. This has been attributed to highland
vol cani sm A sharp chem cal boundary seen between the Crisium and Smythii
basins in the X-ray orbital measurenents of My and Al, corresponding to
simlar contrasts in Th and Ti, is also indicative of separate episodes of

vol cani sm (Andre, 1981).

In general terns, the presence of XREEP basalts in the |lunar highlands
has been proposed to be the result of ancient, pre-mare vol canism (Ryder and
Tayl or, 1976). Overall the Th distribution neasured from orbit provides
convincing evidence that the upper portion of the lunar crust throughout
nmuch and perhaps all of the Imbrium-Procel larum conplex is domi nated by
KREEP basalts. Near the Apollo 15 landing site, several. studies have
utilized the orbital gamma-ray and X-ray data, together with sanple data and
photogeologic studies dealing with norphol ogy and age, to conclude that the
Apennine Bench Formation (0°, 22°N) was the site of extensive KREEP
vol canism representing possibly the largest exanple of pre-nmare KREEP

vol canism on the lunar surface (e.g. Spudis, 1978).
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Identification of Rock Types

From the returned sanple collection, the occurrence ‘of enhanced Th
concentrations is interpreted as equivalent to the presence of KREEP basalt
so that the Th distribution above 2 ppm beconmes essentially a map of that
rock type (Schonfeld and Meyer, 1973) . Wth Th concentrations in the
western linmb and farside regions ranging fromO0.3-0.5 ppm (Table 1), close
to the level of uncontam nated anorthositic rocks, large highland areas must

contain little or no KREEP basalt (Schonfeld, 1974).

Classifying nare basalts into three conpositional groups based on Ti
content, the Apollo results show that |low Ti basalts are nore abundant than
ei ther high Ti-basalts or very low Ti basalts (Metzger and Parker, 1979).
The linmted surface distribution of young high-Ti basalts indicated by the
gamma-ray results argues for heterogeneous source regions rather than nodels
t hat require either a honpgeneous distribution of conposition or

conti nuously decreasing Ti concentrations with tine (Head, 1976) .

The mixing nodel technique has seen frequent use in lunar studies as a
nmeans of determining the proportions of cemingled rock types. 1t is assumed
that the chemical. conposition of a site soil or breccia, or an area viewed
fromorbit is the result of adding linearly the contribution of each of the
rock types present according to their abundance (e.g. Schonfeld and Meyer,
1972) . Results depend on the choice of end-nenber conponents and the
uncertainty in the elenents available for the analysis. Mst of the regions

represented by AGRS data have been nodeled with three and four conponent
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end- nenber sets and conpared with a simlar analysis of highland soil
sanpl es (Haskin and Korotev, 1981) . M xi ng nodel studies of particular
areas have utilized other data sets in addition to the orbital gama-ray
results; locations include Fra Mauro and the Imbrium basin (Hawke and Head,
1978), the Apennine Bench Formation (Spudis, 1978), the central highlands
(Spudis and Hawke, 1981.), the Orientale basin (Spudis et al., 1984), and

various other highland areas (e.g. Lucey and Hawke, 1988).

A different approach to the presentation of orbital geochemical data
has been devel oped in the form of elenent concentration ratio plots in order
to define petrologic units and to determine their geologic relationships
(Davis and Spudis, 1985, 1987). The plots are divided into petrological
classifications corresponding either to clustering of the orbital data,

coi nci dence with sanple conpositions, or both.

Crustal Thickness

Conparison ©of elevation data (Kaula et al., 1972) with coincident
concentrations of natural radioactivity have revealed a strong inverse
correlation between elevation and natural radioactivity over both ground
tracks , except in the central highlands and over mare regions (Tronbka et
al., 1973) . Regions of high elevation are chtaracterized by | ow natural

radi oactivity and vice versa.
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Variations in elevation have been linked to changes in crustal
t hi ckness (Kaula et al., 1974). Generation of a crustal thickness map from
gravity and elevation data (Bills and Ferrari, 1976) has pernitted a
conpari son between surface Th and crustal thickness, revealing the striking
inverse relationship shown in Fig. 12 (Metzger et al., 1977). Correl ations
Wi th crustal thickness have al so been observed for Fe and Al (Schonfeld,
1977) . These  concentration-elevation-crustal thickness  relationships
clearly denonstrate that the highland surface is ‘representative of the
underlying crust, and that its initial character has not been destroyed by
the lateral and vertical mxing due to bombardment (Metzger et al., 1977;

Schonfeld, 1977).

Haines and Metzger (1980) have calcul ated values for the thickness and
density of the lunar crust by neans of orbital gamm-ray, |unar sanple, and
seism c data. Figure 13 shows the regional values of density and crustal
thi ckness plotted versus elevation. The results provide an insight into the

mechani sm governing the isostatic conpensation of the [unar highlands.

Bulk Uranium_Estimates

Heat flow nmeasurements were nade at the Apollo 15 and 17 |anding sites,
To extrapolate these local results to the entire Moon, orbital thorium
concentrations and crustal thicknesses derived from elevation were conbined
in proportion to regional areas to calculate a global heat flow value

' emz and

(Langseth et al., 1976). From the global heat flow of 18 erg s~
assumed crustal values of Th/U, K/'U and Th content, a bulk U abundance of

46 ppb was derived.
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Bul k U content can also be estinated based on surface concentrations
al one. In the absence of a direct neasurement of U, values can be obtained
fromthe average concentrations of K and Th taken fromthe orbital data,
together with returned sanple K/'U and Th/U ratios. Assuming that all the U
is concentrated in the crust and the mantle is entirely depleted, then the
crustal concentration conmbined with crustal thickness yields the bulk |unar
U concentrati on. For a mean crustal thickness of 75 km such a calculation
has yielded a bulk U estimate of 30 ppb (Drake, 1986) , The better
established value for the Earth is about 20ppb; whether the Earth and Mbon
have the same or different total concentrations of elenments such as U is

i nportant in understanding the origin of the Mpon

CONCLUDI NG REMARKS

If the Ranger and Luna ganma-ray experiments are regarded as the infant
efforts of a new technique, and the Venera surface radioactivity
nmeasurenments as a mj or youthful activity, then renpte gamma-ray
spectroscopy cane of age on Apollo. The availability of ground site
conpari sons have had a val ue beyond specific correlations by also validating
the technique for this and future applications. Future experinments wll
bring further maturation as instrument capabilities inprove and m ssion

times are extended.

Since the Apollo experiment, scintillation detectors have been used in

ganma-ray spectrometers on successive U S.S.R mssions to Mars in 1974 and
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1989 (Surkov et al. , 1980; d'Uston et al. , 1989). Application of the next

generation of gammma-ray detector, based on high resolution germanium in a

spectronmeter for the Mars Cbserver nission is at hand (Boynton et al, ,

book) , A simlar instrument is expected to be enployed on a future Lunar
Geochemical Orbiter nission (Phillips, 1986) , which with greater
sensitivity, surface coverage, and duration, wll provide substantially

superior results to those from Apoll o (Metzger and Drake, 1990). Until that
tine, the Apollo gamma-ray data set will continue to be one of the nost

val uabl e sources of present know edge of the Mon.
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Table 1. Regional Averages of Th, Feand Ti Concentrations®

Concentrations

Locati on Th (ppm)® Ti (%" Fe ()¢
Farside hi ghl ands west 0.43 + 0.07 0.7 £ 0.4 5.1 £ 0.9
Farsi de highl ands east 0.66 * 0,08 (),9 £0.3 5.5+ 0.9
Li mb hi ghl ands west 0.38 + 0.07 0.5 %+ 0.4 4.6 + 0.8
Li mb highl ands east 0,72 * 0.07 0.9 + 0.4 7.9+ 0.9
Near si de hi ghl ands west 1.24 + 0.15 0.9 + 0.4 6.5+ 1.2
Near si de hi ghl ands east 1.13 £ 0.10 0.9 + 0.4 8.2 1.0
Central highl ands 2.2 + 0.2 0.7 £ 0.4 5.1 1.0
Entire highl ands 0.70 + 0.06 0.8 +0.3 5.9 % 0.7
Eastern maria 1.82 + 0.15 2.1 +0.4 12.0 + 1.1
Western maria 4,6 + 0.4 2.0+ 0.4 12.7 £ 0.8

Area weighted

*From Met zger et al., 1.977a
‘From Metzger and Parker, 1979
‘From Davi s, 1980
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Table 2.

Lanar Surface Model

Eastern Western Central &\Vare  Farside & non-nmare
Provi nce Mari a Maria Border Highlands border Hi ghlands KREEP-rich
Fracti onal i
Area (% 4.8 10.2 24.2 59.8 1.1
[Th] ppm 1.79 4,4 1.47 0.53 7.4
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FI GURE CAPTI ONS

Specul ation on lunar conposition prior to the space age (courtesy of

E.C. Anderson and M A Van Dills - Los Alanbs Scientific Laboratory),

Measured | unar gamma-ray spectrum and its constituent conmponents. The
discrete line spectrum (+4) containing the geochemical information
remai ns after subtraction of the background, The energy scale is 19.3

keV/channel (Bielefeld et al., 1976),

Discrete line spectrum from the lunar surface (+), plus the
monoel enental and nonoenergetic lines with which it has been fit by the
response function nethod. The energy scale of the abscissa is 19.3
keV/channel. The positron line is at 511 keV, the Hg-203 calibration
line is at 279 keV. The top curve is the total synthesized spectrum

(Bielefeld et al., 1976).

Profiles of the observed data field and the deconvolved nodel field for
two latitude strips over the Aristarchus and adjacent regions.
Conparison . shows the sharpening of contrast and acconpanyi ng
i mproverment in spatial resolution resulting from deconvolution (Haines

et al. , 1978). The arrows show the location of regional. boundaries.

Early map of lunar radioactivity in the enevgy region fromO0.55 to 2,75
MeV over the Apollo 15 and Apollo 16 grounc tracks: (A) nearside; (B)
farside. The intensity key is in counts per second (Metzger et al..

1973) .
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10

11.

Map of the thorium concentration in the lunar regolith for the area
cverflown by Apollo 15 and 16, based on the 0.55-2,75 MeV ganma-ray

energy band analysis of orbital data (Metzger et al., 1977a).

The regression curve for titanium Gound site soil values in weight
percent are plotted vs. the integrated count rate for the region which
contains the site. Typical error bars are shown for the unit weighting

(*1%) applied to the ordinate (Metzger and Parker, 1979).

Map of the titanium concentration in the lunar regolith for the area
overflown by Apollo 15 and 16, based on the 5.95-6.37 MeV ganma-ray

energy band analysis of orbital data (Metzger and Parker, 1979).

Map of the iron concentration in the lunar regolith for the area
overflown by Apollo 15 and 16, based on the 6.99-8.89 MeV ganma-ray

energy band anal ysis of orbital data (Davis, 1980).

The ratio of K/Th as a function of Th, categorized by major regional
type . The K/Th ratio decreases asynptotically with increasing Th.
Typical K/ Th ratios of lunar soil sanples are shown for conparison

(Metzger et al., 1977a).

Conposite deconvolution nodel for the Aristarchus, Imbrium, and

Apenninus regions with the Th concentration range for each construct

(Etchegarey-Rainmrez et al., 1983).
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12. Thorium concentrati ons vs crustal thickness for farside, |inb, and
near si de highland regions including the regions in and around Van de
Graaff (Metzger et al., 1977a). The crustal thickness values are

derived fromthe map by Bills and Ferrari (Frontispiece, 1976).
13. Plots of crustal density and crustal thi:kness vs. elevation for 33

highland regions. Trend lines are shown for the Pratt. and Airy nodes

of isostatic conpensati on (Haines and Metzger, 1980).
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B.

D.
E.
F'

XQ
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Z.

AA*
BB .

Legend for Figure 11

Construct__

W. Procellarum
‘Low’ Th
Aristarchus
N. Plateau
Plateau nort hwest
Pl at eau nort heast
Arlstarchus
S. Plateau
Arlstarchus
Crater
Marius
E. Procellarum
Prinz
Brayley
Marius & Brayley
W Imbrlum
Phase 111
Eul er
Phase 1IT & Eul er
la Hire
Eratosthenian
Mar e
Lambert
Tlmocharis
E. Imbrium
Timocharls +
Lambert
Apennine Bench
Ar chi medes
Palus Putredlinis
Apennlne
Mountains
Haemus Mbuntai ns
Mare Serenitatls

Long
(°W) Concentration
52-66 4.3(0.3)
54-58 O- 0.8(1.9)
46-56 7.8- 8.2(0.6)
46-52 6.8(1.1)
52-56 9.3(1.3
50-54 4.5- 5.3(2.0)
46-50 18.2-21.7(2.7)
46-50 8.1- 8.7(1.0)
28-58 5.3- 5.5(0.4)
40-46 1.6- 2.9(1.1)
32-40 9.2-10.6(1.3)
7.9- 8.8(0.9)
20-34 3.0- 3.4(0.5)
29 9.2-12.1(1.7)
29 5.6- 9.1(3.0)
6.8- 8.8(1.8)
29 10.7-11.4(1.5)
12-34 1.4- 1.9(0.8)
21 9.9-12.4(2.1)
13 9.5- 9.7(1.6)
8-20 3.4~ 3.6(0.5)
.- 9.3- 9.9(1.4)
8- 2 10.7-12.0(2.3)
8-4E 15.2-20 (2.5)
2-4E 0.2- 1.7(1.4)
6-4E 7.3- 8.2(1.0)
2E-14E 2.9- 3.3(0.6)
6E-14E 1.8- 2.0(0.5)
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